The superconducting transition temperature (T C ) in nanostructured Pb decreases from 7.24 to 6.4 K as the particle size is reduced from 65 to 7 nm, below which superconductivity is lost rather abruptly. In contrast, there is a large enhancement in the upper critical field (H C2 ) in the same size regime. We explore the origin of the unusual robustness of T C over such a large particle size range in nanostructured Pb by measuring the temperature dependence of the superconducting energy gap in planar tunnel junctions of Al/Al 2 O 3 /nano-Pb. We show that below 22 nm, the electron-phonon coupling strength increases monotonically with decreasing particle size, and almost exactly compensates for the quantum size effect, which is expected to suppress T C .
(Some figures in this article are in colour only in the electronic version) Superconductivity at reduced length scales has been a subject of intense research over the past few decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Though one may expect changes in the superconducting properties as the system size is reduced below the fundamental length scales such as the coherence length, ξ(T ), and the penetration depth, λ L (T ), it is now established that there is actually a third length scale that finally defines a zero-dimensional superconductor. This is the critical particle diameter (D C ) at which the energy level spacing (the 'Kubo' gap, δ) arising from the discretization of the energy bands equals the superconducting energy gap ( (0)). Superconductivity is completely destabilized below this length scale; this is the 'Anderson criterion' [2] for the destruction of superconductivity. The existence of the 'Anderson criterion' has been successfully demonstrated in many elemental superconductors such as Al [3] , Sn [5] , In [12] , Pb [6, 7] and Nb [13] . However, as the size 3 Present address: Max Planck Institute for Solid state Research, Nanoscale Science Department, Stuttgart, Germany.
of the superconductor approaches D C , the behavior of the superconducting transition temperature (T C ) is quite different in different systems: superconductors with a weak electronphonon coupling (In, Al and Sn) show an increase in T C ; the intermediate coupling superconductor Nb shows a gradual, monotonic decrease in T C ; while the T C in the strong coupling superconductor, Pb, shows almost no change.
The evolution of T C in nanostructured superconductors is normally understood in terms of the competition between two effects. The first arises from the increase in surface to volume ratio with decreasing size. As the surface atoms have a smaller coordination number than the bulk atoms, surface phonons are softer than bulk phonons. This leads to an overall decrease in the phonon frequencies in nanoparticles [14] , resulting in an enhanced electron-phonon coupling strength [15] and a higher T C . Experimentally, an increase in the electron-phonon coupling can be detected by measuring the dimensionless quantity 2 (0)/k B T C , which monotonically increases with coupling strength from its value of 3.52 in the weak coupling limit. This effect could be counteracted by the quantum size effect (QSE) arising from the discretization of the electronic energy bands in small particles and leading to a decrease in the effective density of states, N(0), at the Fermi level [16, 17] . A decrease in N(0) for a strong coupling superconductor would lead to a decrease in 2 (0)/k B T C with a reduction in the particle size. To distinguish between the effects of these two mechanisms in nanostructured superconductors, it is necessary to make independent measurements of T C and (0) as a function of particle size.
We have previously shown [13] that in nanocrystalline thin films of Nb, QSEs become apparent below ≈20 nm. The QSE-induced reduction in the density of states at the Fermi level decreases T C to almost 50% of its bulk value as the particle size is reduced from 20 to 8 nm. In the strong coupling superconductor Pb, the bulk superconducting energy gap ( (0) ≈ 1.38 meV) as well as the critical size at which superconductivity gets destroyed (D C ≈ 6 nm) are close to the corresponding values in Nb. One may therefore expect QSEs to play similar roles in Pb and Nb. The size dependence of T C in Pb is, however, qualitatively different from that in Nb, decreasing by only ≈13% as the particle size is reduced [6, 7] from bulk to 7 nm, below which it becomes non-superconducting. To understand the robustness of T C with decreasing size in Pb, we carried out simultaneous measurements of (0) and T C in planar tunnel junctions consisting of Al, Al 2 O 3 and nanostructured Pb films (with different values of the average grain diameter, D), grown by high-pressure magnetron sputter deposition. Interestingly, (0) was found to increase with decreasing size (for D < 20 nm) though T C remained virtually constant. A measurement of the temperature variation of the gap further indicates a sizedependent deviation from the weak coupling BCS behavior in nanostructured Pb, implying an enhancement of the electronphonon coupling strength. Our results suggest that in nano-Pb, the expected decrease in T C due to the QSE is almost exactly offset by the increase in electron-phonon coupling strength, down to the Anderson limit.
Nanocrystalline films of Pb (≈200 nm thick) were deposited on glass substrates by high-pressure magnetron sputtering from elemental Pb targets (Kurt and Lesker, 99.999%). The particle size was varied in the range 5-60 nm by controlling the sputtering gas (Ar) pressure, the applied power and the deposition time. To prevent oxidation, the nanocrystalline Pb films were capped with a 40 nm thick overlayer of Si grown in situ using RFsputtering. The mean particle size (D) and size distribution were determined from x-ray diffraction (XRD) line profile analysis, using WINFIT software, and transmission electron microscopy (TEM). The particle sizes measured by the two methods matched closely. The particle size distribution in each film was approximately ±15%. ≈5 nm diameter (darker contrast) separated by a disordered intergranular region, possibly consisting of an amorphous Pb-O phase 4 . Magnetic and transport measurements were carried out down to 2.2 K using a home-made planar coil ac susceptometer and a magneto-transport setup, respectively. In the planar coil setup, the superconducting film is sandwiched between two 100-turn miniature coils and the susceptibility is determined by measuring the mutual inductance between the two coils. Details of this measurement technique can be found elsewhere [21] . The resistance was measured using the conventional four-probe technique after evaporating four silver pads on the film. The superconducting energy gap ( ) was measured by fabricating planar tunnel junctions of Al/Al 2 O 3 /nano-Pb films by a standard method [19] . 1 mm Al strips were thermally evaporated through a mask on a glass side (thoroughly cleaned in boiling acetone and vapor cleaned in trichlorethylene and propanol). The Al film was oxidized by exposure to air for 20 min. Nanostructured Pb films were then sputter deposited as cross strips on the Al 2 O 3 layer using proper masks to produce, on each device, two Al/Al 2 O 3 /nano-Pb tunnel junctions with effective junction areas of 1 × 1 mm 2 . For the tunnel junction with the largest particle size (D XRD = 64 nm) the Pb strip was thermally evaporated at high vacuum.
Figures 2(a) and (b) show the temperature dependence of the ac magnetic susceptibility and the dc resistance 5 4 Similar structure was also observed in nanocrystalline Nb films where electron energy loss spectroscopy confirmed the granular and intergranular region to be Nb and Nb 2 O 5 , respectively; see [18] . 5 We could not determine the resistivity of the films due to the Si protective layer that needed to be deposited to prevent oxidation. for the nano-Pb films with different particle size. Using commonly accepted criteria, T C was estimated (i) from transport measurements as the temperature at which the resistance dropped to 10% of its normal state value, and (ii) from ac susceptibility measurements as the temperature at which the real part of the susceptibility deviated from zero. The T C obtained from the two methods matched almost exactly ( figure 3(a) ). We observe that T C does not deviate from the bulk value (7.24 K) down to D ≈ 14 nm and decreases by only ≈13% between 14 and 7 nm ( figure 3(a) ). Below 7 nm, Pb loses its superconductivity quite abruptly. We can estimate the critical size below which superconductivity is destroyed using the Anderson criterion [2] from an estimation of the Kubo gap: δ = 4E F /3N , where E F is the Fermi energy and N is the number of electrons in a grain. Using [20] E F = 9.37 eV and the electron density n = 13.2 × 10 22 electrons cm −3 we obtain this critical size as 7 nm, which agrees closely with our observation. Our result is in qualitative agreement with the size variation of T C in Pb reported by other groups [6, 7] . Importantly, figure 3(a) also brings out the qualitative difference in the size dependence of T C in nano-Pb and nano-Nb (data from [13] ). In the intermediate coupling superconductor Nb, a gradual depression of T C starts at comparatively large sizes (above 20 nm) and the T C decreases by about 50% down to 8 nm, below which it becomes nonsuperconducting.
Figure 3(b) shows the size dependence of the upper critical field (H film plane) of nanostructured Nb, measured at 4.2 K. The H C2 (T = 4.2 K), shows a monotonic increase with decreasing size down to 7 nm, consistent with previous results [7] . In nano-Nb, H C2 shows a non-monotonic size dependence [21] , with an increase down to 20 nm, followed by a steady decrease at lower sizes.
Before considering QSEs as one of the factors contributing to the observed behavior in our nanostructured films, it is important to establish that the electronic wavefunction is substantially confined within the grains such that the system as a whole behaves like a disordered network of weakly coupled Josephson junctions with a well defined T C . In such a network one expects to observe a large hysteresis in the I -V characteristics [22, 13] associated with the critical current and the retrapping current of the Josephson junctions in the network. Such a hysteresis has been previously shown to persist even when there is a large distribution in the junction parameters. Figure 4 shows the current versus voltage (I -V ) measurements carried out on films with different particle sizes. All the nanostructured films exhibit pronounced hysteresis in the I -V characteristics, implying that the superconducting grains are weakly coupled. Some of the I -V curves show a knee in the retrapping current, which indicates that the there is a distribution in the junction parameters [22] .
The evolution of the superconducting gap ( ) with both size and temperature was obtained from four-probe I -V measurements down to 2.2 K, in planar tunnel junctions of Al/Al 2 O 3 /nano-Pb. Figure 5(a) shows the differential conductance, G(V ) = dI /dV , of the films with D XRD = 64, 22 and 9 nm measured at 2.2 K. The data were normalized with respect to the conductance values (G n ) between 3 and 4 mV to avoid the phonon contribution that occurs at higher bias. A visual inspection of the three graphs suggests that the superconducting energy gap increases with decreasing particle size though the spectra also get broader with decreasing size. Figures 5(b) and (c) show plots of the differential conductance, G(V ) = dI /dV , versus voltage for the samples with D XRD = 64 nm and 11 nm, respectively, measured at different temperatures. The tunneling spectra (G versus V ) were fitted to a theoretical model for tunneling between a superconductor and a normal metal using a broadened density of states of the form [23] 
). The broadening parameter, =h τ , reflects the finite lifetime (τ ) of the superconducting quasiparticle. Thus, there are two fitting parameters, and , for each temperature. The gap, obtained by fitting the tunneling spectra, increases from its bulk value [24] , (0) ≈ 1.38 meV for the film with D XRD = 64 nm to (0) ≈ 1.88 meV for D XRD = 9 nm (T C = 6.9 K). Correspondingly, 2 (0)/k B T C increases from 4.37 for the 64 nm sample to 6.28 at 9 nm ( figure 6(a) ). In contrast, in nanostructured Nb, 2 (0)/k B T C remains close to the BCS value in the same size range [13] . The size-dependent increase in the coupling strength can be independently inferred from the temperature variation of the superconducting gap ( figure 6(b) ). For a strong coupling superconductor, at finite temperature is larger than the value expected from BCS theory. This deviation from BCS theory progressively increases with increase in electron-phonon coupling strength. Since bulk Pb is a strong coupling superconductor, the normalized value of deviates slightly from the weak coupling BCS curve. A small but progressive increase of this deviation towards the strong coupling limit is observed as the particle size is reduced. Thus, Pb becomes a progressively stronger coupling superconductor in the nanocrystalline state. Along with the increase in , we also observe a systematic increase in with a reduction in the particle size ( figure 6(c) ) at the lowest temperature. (The temperature dependence also reveals that diverges close to T C .) This possibly reflects a decrease in the quasiparticle lifetime, expected in superconducting nanoparticles due to size induced disorder. However, since a distribution of superconducting energy gaps arising from the distribution of particle size also contributes to some extent to the broadening of the tunneling spectrum [25] 6 , we cannot conclusively establish the magnitude of this effect from large area tunnel junction measurements [26] 7 . We can also explain the monotonic increase in H C2 down to 7 nm within the above scenario. The upper critical field is given by H C2 = ϕ 0 2πξ 0 l eff , where φ 0 is the flux quantum, ξ 0 [∝ 1/T C N(0)] is the Pippard coherence length and l eff is the electronic mean free path. The observed increase in H C2 with size reduction indicates that the decrease in the effective mean free path due to a higher fraction of grain boundaries in the nanostructured system overrides the effect of the decrease in the product [T C N(0)] that would arise from the QSE, at least in the intermediate size range.
The increase in the electron-phonon coupling strength with decreasing size, inferred from the temperature dependence of the superconducting gap, implies that phonon softening plays an important role in influencing T C in this strong coupling superconductor. The weak coupling BCS equations for T C are thus no longer valid in the nanostructured system. In the strong coupling limit, T C is given by McMillan's equation [15] , T C = In fact, the enhanced T C observed in nanostructured, weak coupling superconductors such as Al, Sn, Ga and In is ascribed to phonon softening due to surface effects. Why do we not observe a similar increase in T C in the strong coupling superconductor Pb? A plausible explanation for the observed size independence of T C is the cancelation of the opposing influences of phonon softening and QSE [27] 8 . The quantization of the electronic wavevector arising from the discretization of the energy levels at small sizes cannot be neglected since it leads to the Anderson criterion that correctly predicts the observed destabilization of superconductivity at 6 nm in Pb. Also, from our measurements of T C and in nanostructured Nb, we know 6 It has been shown in the context of anisotropic superconductors that the conductance spectrum arising from a distribution of superconducting energy gaps can be fitted by incorporating the broadening parameter . 7 Scanning tunneling spectroscopy measurements on isolated Pb islands also reveal a large increase in the broadening parameter . 8 We point out in this context that Ziemba and Bergman [27] had earlier reported an increase in 2 (0)/k B T C in disordered thin films of Pb deposited at low temperatures. They had qualitatively explained their results on the basis of an increase in the electron-electron attractive interaction in the presence of disorder. However, their arguments were based on the enhancement of electron-electron interaction through scattering by crystal imperfections, where the quantization of the electronic wavevector arising from the finite size of the superconducting grains was not taken into account. As our films consist of weakly coupled superconducting grains, we believe that the effects of surface phonon softening and discretization of the electronic wavevector should play a more dominant role.
that the QSE plays a dominant role [13] in influencing T C by decreasing the density of states at the Fermi level in small particles. We therefore believe that phonon softening effects (that tend to increase T C ) are almost exactly offset by the QSE (that tend to decrease T C ) in Pb down to 14 nm, resulting in a size invariant T C . Between 14 and 7 nm, the QSE dominates and produces a 13% decrease in T C . Below 7 nm, Pb is no longer superconducting.
We can also try to understand why the effect of phonon softening is not observed in nanostructured Nb films. We recall that in the nanostructured thin films used in our study, the superconducting grain is actually capped by an insulating layer of metal oxide. It has been shown by Tamura [28] that the contact of a nanoparticle with a harder capping layer can significantly increase the energy of the surface phonon mode, thereby reducing the effect of phonon softening. Therefore, whether we observe the effect of phonon softening depends on the hardness of the oxide layer capping it. Since the oxides of Nb have melting points which are roughly double those for the oxides of Pb [29], we may expect that the capping layer on Nb nanoparticles is significantly harder. This is the possible reason why we do not see the effect of phonon softening in nanostructured Nb films.
It is also worth noting that contrary to the strong coupling superconductor Pb, in weak coupling superconductors surface phonon softening leads to an increase in T C with reduction in particle size and is not offset by QSEs. This difference could arise from the fact that in bulk strong coupling superconductors the phonons are present at lower frequencies compared to their weak coupling counterparts. Any change in the phonon frequencies due to size effects will therefore not lead to an appreciable effect of phonon softening in strong coupling systems. Hence, the increase in the electron-phonon coupling strength due to surface phonon softening will be lower compared to weak coupling superconductors, and can be offset by QSEs.
Finally, we would like to note that while the competition between surface phonon softening seems at present the most likely explanation for the relative robustness of T C and the large increase in 2 /k B T C with decreasing particle size, there is at least one other possible scenario which could also explain these observations. In a recent paper [30] , Feigel'man et al have suggested that in a strongly disordered granular superconductor the single particle excitation gap can be much larger than the superconducting energy gap, giving rise to anomalously large values of 2 /k B T C . However, at present, there is not sufficient information on this scenario to make a detailed comparison with experiments.
In summary, we have reported a detailed investigation of the evolution of superconductivity with particle size in nanostructured films of Pb.
Measurements of the superconducting energy gap and the critical field in nanostructured Pb indicate a deviation from the weak coupling BCS behavior. This suggests an increase in the electronphonon coupling strength with a reduction in the particle size in nano-Pb. The expected increase in T C due to this effect is, however, not observed, being almost exactly offset by the QSE. Below 7 nm, QSEs dominate and superconductivity is destroyed, consistent with the Anderson criterion. Our studies provide a natural explanation for the robustness of the superconducting transition temperature in nanosized Pb particles almost down to the theoretical limit at which superconductivity is destabilized.
